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Abstract
A cerebral aneurysm is a vascular disorder characterized by abnormal focal dilation of a
brain artery which is considered as a serious and potentially life-threatening condition.
Cerebral aneurysms affect around 2%-5% of adults and they are fatal and can rupture with
an overall mortality rate of more than 50%. Through computational fluid dynamics
investigation, this study is offering a closer look into the initiation growth and rupture of
cerebral aneurysms. Four focus points are studied in this thesis which are sensitivity
analysis of blood viscosity in aneurysms, the effect of cerebral aneurysm size on wall
stresses and strain, hazard effects of gravitational forces on aneurysms and the use of
porous media to model aneurysm coiling treatment method.
This study highly contributes to the advancement of our vision about different aneurysm
variables, such as the blood velocity, pressure, wall shear stress and the aneurysm wall
stresses and strains. The study aims to provide information for the healthy and diseased
cardiovascular functions and to assist in predicting the risk of aneurysm rupture. It
provides surgeons with a better understanding of the aneurysm hemodynamics which
supports optimal medical treatments.
Keywords: Newtonian, Aneurysm, Computational Fluid Dynamics, Gravity, Porous,
Cerebral.
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)Title and Abstract (in Arabic
التحليل العددي لتقييم الدورة الدموية في التمدد الموضعي لألوعية الدموية الدماغية الغير متمزقة
الملخص
تمدد األوعية الدموية في الدماغ هو اضطراب غير طبيعي يحصل في جدران األوعية الدموية الدماغية و
يعتبر هذا التمدد حالة خطيرة ومهددة للحياة .يؤثر تمدد األوعية الدموية في الدماغ على نسبة  %5-%2من البالغين
وفي حال تمزق الوعاء الدموي فإن نسبة الوفاة تتعدى ال .%50من خالل الدراسات العددية التحليلية لتقييم التمدد
الموضعي لألوعية الدموية الدماغية المتمزقة و الغير متمزقة فإن هذه الدراسة تقدم نظرة فاحصة على بدء ،ونمو،
وتمزق ،األوعية الدموية في الدماغ .تم في هذا البحث التركيز على دراسة أربع نقاط أساسية هي )1 :تحليل حساسية
لزوجة الدم في تمدد األوعية الدماغية؛  )2تأثير حجم التمددات في األوعية الدماغية على الخصائص المكانيكية
لجدار الوعاء الدموي؛  )3تأثيرات ومخاطر قوى الجاذبية على تمدد األوعية الدموية في الدماغ؛  )4تحليل استخدام
الوسائل المسامية في عالج تمدد األوعية الدموية في الدماغ.
هذه الدراسة تساهم إلى حد كبير في اتساع الرؤية الطبية حول المتغيرات المتعددة في األوعية الدموية الدماغية مثل
سرعة الدم و الضغط واإلجهاد العامودي واجهاد القص الجداري .وتهدف هذه الدراسة إلى توفير المعلومات الكافية
عن األوعية الدموية السليمة والمضطربة للمساعدة على معرفة خطر و قابلية تمزقها .وتوفر هذه الدراسة أداة للبحوث
المستقبلية من قبل مراكز األبحاث وأطباء جراحة األعصاب لفهم أفضل لديناميكا الدم في األوعية الدموية وإلدارة طبية
مثلى.
مفاهيم البحث الرئيسة :نيوتونية ،أم الدم ،تمدد األوعية الدموية ،جاذبية ،مسامية ،دماغية.
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Chapter 1: Introduction to Cerebral Aneurysms
1.1 Background of cerebral aneurysms
Statistics show that cardiovascular diseases are the third primary cause of death in
the western world [1]. A type of cardiovascular diseases is cerebral aneurysms. Cerebral
aneurysms are weak areas in brain vessels that usually enlarge/grow in a balloon shape
causing the arterial wall strength to decrease to a point where it could rupture to cause a
stroke. The importance of studying cerebral aneurysms is that it affects around 2%-5% of
adults and that cerebral aneurysms are fatal and can rupture with an overall mortality rate
of more than 50% [2-4]. Figure 1 shows multiple aneurysms that occurred in cerebral
arteries.

Figure 1: Multiple aneurysms in the human brain vessels (Adapted from http://biologyforums.com/)

Aneurysms usually consist of three major parts which are the artery, the neck and the
aneurysm's dome. The artery consists of a main parent artery with different branches
depending on the area of incident. The second part is the aneurysm neck which is usually
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the part where the major variation of thickness of the arterial wall occurs. Studies have
shown that this part of the aneurysm is exposed to high velocities hence high shear forces
[5]. The final major part is the aneurysm dome, it is where the velocities are considerably
lower relative to the neck and parent artery. The thickness of the dome is considered
uniform across the aneurysm however it may change as aneurysm change size. Figure 2
shows the common sections of cerebral aneurysms.

Figure 2: Common sections of cerebral aneurysm (Adapted from:
www.mayfieldclinic.com)

Various types of cerebral aneurysms are categorized depending on their shape and
depending on the arteries at which they develop at. Based on shape category, there are
three types of cerebral aneurysm which are saccular, lateral and fusiform. The saccular
aneurysm, which is a rounded sac of blood that is attached by a neck to a branch of a blood
vessel (also known as Berry Aneurysm), it is the most common form of cerebral aneurysm
and is usually found on arteries at the base of the brain. A lateral aneurysm is a bulge on
one wall of the arteries, and the fusiform aneurysm is typically formed by the widening
along all walls of the artery, these categories are shown in Figure 3. Aneurysms are also
categorized based on location at which an aneurysm can occur in the front section of the
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brain (which is known as anterior circulation) or the back section of the brain (which is
known as posterior circulation).

Figure 3: Different types of aneurysms, from: stroke.ahajournals.org (left) and
doctorssupport.org (right)

Aneurysms' impact and such high mortality rate is due to the fact that most cerebral
aneurysms do not show symptoms until they become very large or until they rupture.
Small aneurysms that are unchanging usually do not produce symptoms, as for larger
aneurysms that are gradually growing, this growth may press on surrounding tissues and
nerves which can cause different symptoms like pain in the eyes, numbness, weakness, or
paralysis on one side of the face. In the case of aneurysm rupture, an individual may
experience sudden and severe headache, double vision, nausea, and/or loss of
consciousness. Individuals may lose consciousness briefly or go into prolonged coma.
People experiencing these symptoms especially when they are combined with other
symptoms, should seek immediate medical attention.
Currently, the causes of aneurysms are not fully clear, however syphilis, atheroma,
congenital defects, atherosclerosis, heart attacks, obesity, smoking, hypertension, trauma,
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inflammation and/or hereditary conditions are considered by some researchers as the main
causes of aneurysm formation [6, 7]. Besides these, hemodynamics and biomechanical
factors like vessel wall shear stresses (WSS) are other causes of aneurysms which will be
discussed in detail later in this thesis.
There are two treatment options for people diagnosed with cerebral aneurysm: 1) surgical
therapy or clipping; and 2) endovascular embolization or coiling (with stent support). In
1855, Victor Horsley, MD, was the first to surgically treat a brain aneurysm [8]. In 1937,
Walter Dandy, MD, presented the method of "aneurysm clipping" when he applied a clip
to the neck of an internal carotid artery aneurysm [9]. Since that time, aneurysm clips have
evolved into hundreds of shapes and sizes. The mechanical sophistication of available
clips, along with the advent of the operating microscope during the 1960s have made
surgical clipping the main standard in the treatment of both ruptured and unruptured
cerebral aneurysms. In spite of these advances, surgical clipping remains an invasive and
technically challenging procedure. On the other hand, endovascular embolization is a less
invasive way to treat aneurysms. Since the introduction of Guglielmi detachable coils, the
first and most popular coils available on the market in 1991, more than 125,000 aneurysms
worldwide have been treated with these coils [8-10]. A catheter is implanted into a vessel
over the knee and navigated through the blood vessels to the vessels of the brain and into
the aneurysm. Coils are then packed into the aneurysm up to the point where it arises
from the blood vessel. When the coils emerge from the tip of the catheter they take on the
shape that was imparted to them by thermal treatment. The coil is designed to be
thrombogenic such that it will create a blood clot around it and thus eliminate the
aneurysm from the blood circulation and decreasing the risk of rupture. The coil is left in
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place permanently in the aneurysm and depending on the size of the aneurysm, more than
one coil may be needed to completely seal off the aneurysm.
The mutual goal of both surgical clipping and endovascular coiling is to terminate blood
flow into the aneurysm until thrombosis form inside the aneurysm and it is considered as
healed. Long-term success or effectiveness of the treatment is measured by evidence of
aneurysm obliteration, without evidence of recanalization or recurrence.
1.2 Blood Hemodynamics and Cerebral Aneurysms
Hemodynamics studies are the studies at which blood dynamics are investigated
along with the physical laws that govern the flow of blood in blood arteries. Different
studies are available in literature which covers the behavior of blood velocity, viscosity,
pressure difference, and composition properties. The main connection between the blood
hemodynamics and the arterial walls lies within three key aspects which are the blood
velocity, viscosity and pressure. Increased blood velocity increases the wall shear stress
on the walls and may cause damages to the inner surface of the blood vessel walls. Also,
if the viscosity of blood is increased, it would cause the blood to be stiffer on the arterial
wall. Hypertension is a long term medical condition in which the blood pressure increases
above a specific age dependent ranges which could cause aneurysm rupture. Torii et. al.
[11] research team showed how hypertension on different aneurysm sizes effects WSS
and how it is one of the risk factors of the aneurysmal rupture [11].
1.3 Computational Fluid Dynamics (CFD) in Cerebral Aneurysms
The importance of the CFD research in aneurysms is very clear since in 2011
alone, more than 195 articles have been published about CFD modeling and clinical
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assessment of cerebral aneurysms. These articles raised many questions related to
aneurysm CFD such as (1) whether one can treat blood as Newtonian fluid or not, (2)
whether it is appropriate to use inflow and outflow conditions, (3) whether the in-vivo
measurements are accurately extracted and (4) whether the idea of neglecting the motion
of the vascular-wall is plausible [12, 13]. In addition, Robertson’s [12] raised few concerns
about the current status of aneurysm research and discussed the critical reflections and
future directions of research in aneurysms. The authors examined the use of a specific
CFD prototype for enhancement of clinical applications. Different researchers have
compared between results of 2D pcMRI (phase contrast magnetic resonance imaging) and
CFD results and concluded that CFD is a useful tool that can predict blood hemodynamics
[14]. Also that pcMRI provides improved access to all segments of the aortic and
pulmonary system and is considered the standard for evaluating blood flow [14].
1.4 Thesis motivation, objectives and report structure
The motivation behind this work aims at better understanding of the mechanisms
of aneurysm initiation, development, size and rupture of intracranial aneurysms. We
utilized CFD techniques to simulate blood hemodynamics and how that affect wall
stresses. Four focus points are investigated in this thesis which are 1) Sensitivity analysis
of blood viscosity in aneurysms; 2) The effect of cerebral aneurysm size on wall stresses
and strain; 3) Hazard effects of gravitational forces on aneurysms; 4) The use of Porous
media as a treatment method in aneurysms. The thesis mainly contains five main chapters
which are Chapter 1: "Introduction" which contains different information about history,
types, classifications and treatments of cerebral aneurysms. Chapter 2: "CFD Problem
Formulation" which describes of the general CFD modelling settings used in this study.
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Chapter 3: "Assessing Aneurysm Formation and Treatment" which contains results and
discussions for the fours focus points studied in this thesis. Chapter 4: "Conclusions and
Recommendations" which consists of the overall conclusions of the study and some
recommendations to researchers and neurosurgeons in the field. Finally Chapter 5: "Future
Directions" contains ideas for further studying and researching cerebral aneurysms.
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Chapter 2: Problem Formulation
2.1 Preprocessing of CFD
In this section, descriptions and clarifications of different preprocessing methods
used in the study are presented which include acquisition of 3D images, image
reconstruction and simplification and differences between approximated geometry verses
angiography images.
2.1.1 Image Reconstruction and Processing
Acquisition of three-dimensional angiography (3DRA) images of the patients' aneurysms
is done using Philips Clarity 3D work station available at Tawam Hospital, Al Ain UAE.
The 3D station uses real-time X-Ray imaging with 3D ultrasound where one can precisely
determine the nature and extent of the aneurysm. This machine allows surgeons to make
critical decisions with accuracy while reducing X-ray dose on patients. The working
station and the acquired image of the brain arteries are shown in Figure 4.
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Figure 4: Philips 3D machine (left), 3D angiograph image acquired of brain artery
(right)

After acquiring the 3D images, the excess arteries are cut leaving only the areas of interest
to study. Then the inlet and outlet areas are modified to be perpendicular to the
longitudinal axis of the artery, this is done to reduce flow instability issue in the inlet and
outlet flows. Then a quadric reconstruction is applied to the model to dissolve the number
of faces, this is done because the acquired 3D model contains more than 100,000 faces
which could present computational problems when numerically solving the model. By
numerical experimentation, one finds that the optimum number of faces is around 1,0002,000 faces. Then, the geometry is converted to a STEP file which is used by ANSYS
Design Modeler. This is all done using Meshlab, SolidWorks and Blender, which are 3D
computer aided design engineering softwares as shown in Figure 5. The final step in image
reconstruction and processing is to create a virtual topology and merge faces together to
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reach the required number of segments (3 main segments; Parent artery, Daughter arteries
and aneurysm dome).

Dome

Outlet2

Inlet

Figure 5: Softwares used for image-processing (left), 3D-model before/after processing
(right)

2.1.2 Approximated Aneurysm versus Actual Angiograph Aneurysm
To better understand the effect of acceleration, aneurysm size and porous coiling
treatment, an approximated geometry has been employed. In order to properly model the
aneurysm using the approximated geometry, the tested models size and geometry are
derived from actual patient angiograph image shown in Figure 6, in addition to other
clinical reports [15-17]. Despite the fact that this approximation is only used in few
assessments, this is considered as one of our limitation. This approximation might provide
some inaccuracies because it has proven by different researcher [11] that aneurysm
simulations are sensitive to minor changes in dimensions and location. Hence for accuracy
purposes, it is recommended to use a patient specific geometry. However the
approximated geometry can provide better idea on how different parameters affect the
aneurysm hemodynamics.

Outlet1
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Figure 6: Aneurysm geometry used in some cases analysis (left), Angiograph image
(right)

2.2 Computational Fluid Dynamics Meshing and Convergence
In this part, the domain is discretized into a finite set of control volumes or cells.
The discretized domain is called the mesh which is the volume occupied by the fluid that
is divided into discrete cells. It may be uniform or non-uniform and it has different types
such as the hexagonal, tetrahedral, or hybrid mesh. For each type of problem, different
mesh resolution, cell size and orthogonal quality is evaluated. Care must be taken to
guarantee proper continuity of the solution across common interfaces between two
subdomains, so that the estimated solutions inside various portions can be put together to
give a complete picture of the fluid flow in the whole domain. The subdomains are called
elements, and the collection of all cells is the mesh. In this work, meshing has been done
using the built-in meshing code in ANSYS workbench.
2.2.1 Mesh Quality and Size
A proper mesh means that using minimum number of nodes that provide results that are
independent on mesh size. In this study, the generated mesh is manipulated through two
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mesh controls which are the element size and the element inflation. In element sizing, the
maximum element edge length is selected. The element sizing has the major influence on
the number of elements and the number of nodes. The choice of a body sizing is done
based on the mesh independence study see section 2.2.2, with a body sizing of 0.08 mm
which resulted in a total of 1.44x106 mesh elements. Then the inflation controller is set
which is mainly used for adding layers of elements along specific boundaries which
increases the accuracy of wall parameters (such as WSS). The inflation is chosen with a
total maximum thickness of 0.25 mm which varied depending on the artery diameter
(selected as 10% of the artery diameter) and 10 layers with a growth rate of 1.2. Finally a
named selection is created for each segment of the body to simplify the post processing
procedures. Figure 7 presents the generated mesh, the inflation and the named selections
of a small ruptured A-COM aneurysm in a 49-year-old woman presented by subarachnoid
hemorrhage with a clinical Hunt.

Figure 7: Mesh generated (left), inflation generated (middle), named selections (right)

2.2.2 Mesh Independence Study
When a computational fluid dynamics study is applied, one needs to make sure that
collected results are not affected by the mesh size. Hence, a mesh independence study is
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implemented to make sure that the output values are independent of mesh size. The
problem is solved 6 times using 6 different number of elements ranging from 1.3 × 104
to 1.44 × 106 elements. Then the values of maximum WSS have been plotted against the
number of elements as shown in Figure 8. The mesh is considered to be independent on
size once the WSS results obtained from a mesh is less than 2% when compared to

Maximum WSS at Aneurysm Dome

previous mesh.
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Figure 8: Maximum WSS at the aneurysm dome versus Number of elements

2.3 Computational Fluid Dynamics Physics Modeling
In this section, descriptions and clarification of different assumptions used in the
study are presented which include boundary conditions, viscosity model, gravity effect,
wall motion and the use of porous media.
2.3.1 General Boundary Conditions
The main tool used to simulate the flow of blood within the aneurysm is FLUENT. Fluent
is a finite volume software that solves conservation equations such mass, momentum and
energy. Simplified from the user guide and theory guide of Fluent [18, 19] the
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conservation continuity equation for laminar flow in an inertial (non-accelerating)
reference frame is presented below.
∂ρ
∂t

+ ∇. (pu) = 0

Eqn. 1

Where 𝑢 is the fluid velocity, 𝑝 is the fluid pressure, 𝜌 is the fluid density (constant), and
μ is the fluid dynamic viscosity. It is noted that this equation is for a non-steady (i.e.
transient) three-dimensional system. Conservation of momentum in an inertial (nonaccelerating) reference frame is described by:

∂
∂t

(ρv
⃗⃗) + ∇. (ρv
⃗⃗v
⃗⃗) = −∇p + ∇. (τ̿) + ρg
⃗⃗ + ⃗F⃗

Eqn. 2

Where p is the static pressure, 𝜏 is the stress tensor and 𝜌𝑔 and 𝐹 are the gravitational
body force and external body forces. 𝐹 also contains other model-dependent source terms
such as the porous-media term as described in 2.3.5 Porous Media Simulation of
Endovascular Coiling.
Finally the stress tensor 𝜏̅ is given by:

2

τ̅ = μ[(∇v
⃗⃗ + ∇v
⃗⃗ T ) − 3 ∇. v
⃗⃗I

Eqn. 3
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Where 𝜇 is the molecular viscosity, I is the unit tensor, and the second term on the right
hand side is the effect of volume dilation.
The geometric model is divided into three sections of interest, the aneurysm dome, the
parent artery and the daughter arteries. For the blood flow velocity, a realistic transient
inlet velocity model suggested by Sinnott et al. [20] is used which for a sine wave of a
maximum velocity of 0.5 m/s, the period of each cycle is 0.5 seconds and the simulation
is done for one cycle. Figure 9 shows the average inlet velocity boundary condition as it
varies with time during a period of 0.5 second (which represents a pulse rate of 120 pulse/
minute). The velocity inlet is inserted to Fluent as a user defined function and the code
used, written by Chiyu Jiang from Cornell University, is available in Appendix-.
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Figure 9: Pulsatile velocity versus time

The no-slip boundary condition is applied at all walls. The outlet back pressure is set equal
to 100 mmHg (=13,332 Pa) following the work of Netlyukh et al. [21] who conducted
invasive intracranial arterial pressure monitoring utilizing a transducing system during an
endovascular coiling procedure for 19 patients. Similar pressure value has been used and
reported by other researchers [22]. For the arteries structural analysis, the inlet and outlets
displacements of the arteries are constrained in all directions [23, 24] other researchers
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use sliding condition [16]. The hemodynamic behavior of blood is governed by NavierStokes equations which are solved numerically using a finite volume discretization and
laminar flow model (expected Reynolds number for our study is around 379). The QUICK
scheme is used to discretize the conservation equations while the pressure-velocity
coupling is realized using the SIMPLEC method with the standard under-relaxation
parameters. The convergence residuals criteria are set to 1 × 10−7 for all variables.
2.3.2 Non-Newtonian Fluid Model
Blood is a shear thinning non-Newtonian fluid and many researchers are modeling it as a
Newtonian fluid to simplify the computational simulation [13, 25-27]. It is believed that
this assumption causes a discrepancy when compared to real conditions especially for the
data obtained at low velocity regions such as the aneurysm’s dome. Based on a previous
study by our team the Newtonian viscosity model assumption is invalid in aneurysmal
studies [5]. Hence, the viscosity model considered in this study is the non-Newtonian
Carreau model with constants proposed by Siebert et al. [28] where the time constant , the
Power-Law Index , the zero shear viscosity and the infinite shear viscosity were set to
3.313 second, 0.3568, 0.056 kg/m-s and 0.0035 kg/m-s, respectively. Also, for the blood
the density is taken as 1050 𝑘𝑔/𝑚3 .
2.3.3 Gravity Model
The boundary conditions for the gravity analysis are mostly affecting the outlet pressures.
From hydrostatic, it is well known that pressure value increases as liquid column above
point of interest increases under gravity forces (positive g-force acceleration). The gforces along the axis aligned with the spine is called vertical g-forces and they are
considered more severe than the g-forces that are perpendicular to the spine (horizontal g-
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forces acceleration). The positive vertical g-forces push blood towards the feet and away
from the head and the negative vertical g-forces push the blood towards the head.
Seven gravity settings are investigated in this study from -3g up to 3g including 0 g. In all
these cases, the outlet static pressures of cerebral aneurysms is calculated as follows:
Pan = Pheart + ρgh

Eqn. 4

𝜌 is the blood density, 𝑔 is the gravity acceleration and ℎ is the location of the aneurysm
with respect to the heart. The following assumption is employed in the calculation:
1) This study is estimating that the aneurysm to be 20 𝑐𝑚 far away from the heart in the
spine direction which represent 10 𝑐𝑚 below the head tip.
2) The average height of individuals in the UAE is around 1.7 meters [29].
3) Average blood pressure used in this study 100 𝑚𝑚𝐻𝑔 (13332 𝑃𝑎) and the heart
pressure is calculated at 1-g which is found to be 𝑃ℎ𝑒𝑎𝑟𝑡 = 10,241 𝑃𝑎. The average
blood pressure is calculated by adding the heart pressure 𝑃ℎ𝑒𝑎𝑟𝑡 = 10,241 𝑃𝑎 to
weight of the blood column above the heart (it is estimated the heart is located at 0.3 𝑚
below the head tip).
The aneurysms pressure is calculated using the above equation for several g-values
(mainly; -3g, -2g, -1g, 0g, 1g, 2g and 3g) and plotted as shown in Figure 10.
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Figure 10: Pressures along the body for different gravities

2.3.4 Fluid Structure Interaction Model and Impact of Aneurysm Size on
Hemodynamics
The fluid structure interaction (FSI) study is modelled using an approximated terminal
type aneurysm model. FSI analysis refer to the feedback between fluid and solid wall in
such was the fluid pressure and viscous shear affect the wall stress and deformation which
return affect the blood flow. FSI approach is to work between finite volume sued by Fluent
and finite element used by solid walls. The FSI approach can be classified as one-way in
which fluid effect is transferred to all wall and as two-way approach in which a feedback
loop between fluid and solid is established. For the sake of simplicity and since minor
change has been calculated in this study, one-way fluid-solid interactions has been
adopted in this thesis. The terminal-type aneurysm model is an aneurysm that develops at
the apex of a T-shaped bifurcation of an artery as shown in Figure 6. The reason why a
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terminal aneurysm is modelled is because it is expected that flow impingement on the tip
of terminals generates unstable helical flow patterns near the wall. Repetitive
impingement against the vessel wall under pulsatile flows may induce fatigue, initiation
and growth of aneurysms. The parent artery and the daughter arteries are modeled as a
tube of diameter 𝐷𝑝.𝑎. = 2.5 𝑚𝑚 and length of 𝑙 = 10 𝑚𝑚. The daughter arteries are
bifurcating from the parent artery and are given the same radius as the parent artery for
simplicity and since such arteries conditions have been observed in clinical patient
angiograph image of a patient (Figure 1 right). The length of parent and daughter arteries
are selected to be 𝑙 = 10 𝑚𝑚. As such, the flow can be assumed fully developed laminar
with negligible entrance effect. As an approximation for the actual complex shape, a
spherical aneurysm with diameter of 𝐷𝑎 is created at the apex of the bifurcation.
Nevertheless, such approximate aneurysm shape will be useful to study the effect of the
aneurysms size when compared to parent artery. To study the effect of the aneurysm size
relative to the parent artery on intra-aneurysmal blood flow and based on the classification
of Ishibashi et al. our focus is on small (<5 mm), medium (5–9.9 mm) and large (>10 mm)
unruptured aneurysms [30]. The evaluated aneurysmal size starts from 𝐷𝑎𝑛 = 0 𝑚𝑚
(upon onset) and up to 𝐷𝑎 = 14 𝑚𝑚 with increments of 2 𝑚𝑚. The study has investigated
the effect of aneurysm size for eight cases with different aspect ratio 𝐴𝑅 = 𝐷𝑎 /𝐷𝑝.𝑎. . In
this model, the partition between the aneurysm and the parent artery, called the neck, is
expressed as an ellipse with radius at apoapsis (the farthest distance) of 1.25 𝑚𝑚. A fillet
with radius of 2.5 𝑚𝑚 is implemented which is the same as the artery diameter to
represent the transition change in geometry between parent and daughter arteries.
Following the work of Sherif et. al. [17], the wall thickness of the arteries (parent and
daughter) is modeled to be uniform with and of 𝑡𝑐 = 0.46 𝑚𝑚. As for the aneurysm
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thickness 𝑡𝑎 , different research papers suggest a wide range of thicknesses from 0.03 mm
up to 0.4 mm [31-36] but few provide a firm reason on why such big variation occurs. An
interesting experimental study by Hans Steiger [37] suggests that the aneurysm
thickness 𝑡𝑎 depends on the radius of the aneurysm 𝑅𝑎𝑛 following the equation and Figure
11 below:
t a = 0.024R an

Eqn. 5
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Figure 11: Aneurysm thickness in mm versus aspect ratio

Figure 11 was used to determine the thickness of each case and hence the aneurysm
thickness for every case was dependent on the aspect ratio. The aneurysm wall thickness
is less than that of the artery due to wall stretching that increases the surface area while
the wall thickness shrinks. For the aneurysm dome, the minimum elastic modulus of
0.9 𝑀𝑃𝑎 was used [37]. The density and Poisson’s ratio are set to 1120 𝑘𝑔/𝑚3 and 0.4
respectively. For the arteries, the density, Poisson’s ratio and elastic modulus are set
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to 1120 𝑘𝑔/𝑚3 , 0.4 and 1.4 𝑀𝑃𝑎, respectively. These values closely correspond to those
reported for an aged patient for whom the arterial wall is stiffened with an elasticity less
than that of a healthy young person [37-40].
2.3.5 Porous Media Simulation of Endovascular Coiling
As introduced in section 0, the use of endovascular coiling for cerebral aneurysm
treatment is very common and thousands of cases have been treated by the coil
embolization method. Medical doctors are using endovascular coiling, which also known
as endovascular embolization, to block blood flow into an aneurysm. Preventing blood
flow into an aneurysm reduce the chances of aneurysm rupture.
To simulate any porous media, one needs to identify the porous material porosity 𝜀 and
permeability, K. Porosity, 𝜀, is a property of the porous media which is defined as the void
fraction. Porosity is a measure of the empty spaces in the substance, and is a fraction of
the volume of voids over the total volume. Porosity is measured as a percentage between
0 and 100%. The porosity of a porous region is given by:
ε=

Vvoid
Vtotal

Eqn. 6

Permeability a property of the porous media which is a measure of the ability of a porous
media to transmit fluids. The permeability of a medium is related to the porosity and to
the shapes of the pores in the medium and how pores come together and interact.
Porosity is considered isotopic when it is uniform in all orientations. Using this
assumption the equation solved by Fluent for momentum conservation is taken as follow:
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⃗⃗)
∂(ερv
∂t

⃗⃗
+ ∇. (ερv
⃗⃗v
⃗⃗) = −ε∇P + ∇. (ετ⃗⃗) + εg⃗⃗ + F

Eqn. 7

Where 𝑣⃗ is the velocity vector, 𝜌 is the fluid density, 𝛻𝑃 is the change in pressure, 𝜏⃗ is
the stress tensor, 𝑔⃗ is the gravity vector and 𝐹⃗ is the external body force term.
The body force term, accounts for viscous and inertial losses of the fluid within the porous
media and Fluent defines it by:

1

Fi = − [∑3j=1 Dij μvj + ∑3j=1 Cij 2 ρvmag vj ]

Eqn. 8

Where D is the viscous resistance matrix and C is the inertial resistance matrix. This
external body force term is the drag force imposed by the pore walls and contributes to
the pressure drop across the regenerator matrix. It is proportional to the fluid’s physical
velocity, 𝑣.
The matrices for 𝐷 and 𝐶 are taken as homogeneous, hence, the final pressure drop
equation in Fluent is defined from the Fluent theory guide [18, 19] as:

∂(εP)
∂x

∂

∂(ετ )

i
=−
−
⏟ ∂x (ερvi vi ) + ⏟
∂x

Convective
Acceleration

Viscous
Stress

C

Dμv
ρvmag vi
⏟i + ⏟
2

Darcy
( Term

Forchheimer
Term

Eqn. 9
)
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The Navier-Stokes equation usually contains the convective acceleration and the viscous
stress terms. However, when including the porosity the Darcy and Forchheimer terms
appear in the Navier-Stokes equation. The Forchheimer term represent the fluid inertial
loss due to the impact between fluid and porous matrix which can be neglected at low
velocities. Since this thesis focuses on a low range of Reynold's number, the Forchheimer
term is neglected without causing any effect to the result's accuracy. Also, such
assumption is useful in reducing computation time.
From comparing the Forchheimer equation to the equation used by Fluent and by referring
to the work by Clearman [41], the relation between the viscous resistance term and the
permeability is derived as:

D=

ε2
K

Eqn. 10

Due to low flow velocities, the Forchheimer coefficient (presented below) is neglected
(𝐶 = 0).

C=

2ε3 Cf
√K

Eqn. 11

The permeability of endovascular coils can be modeled using fibrous porous media
relation developed by Nabovati [35] as shown below:
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K
a2

C2

1− ∅c

= C1 (√ 1− ∅ − 1)

Eqn. 12

Where: 𝑎 is the radius of the fiber, K is the permeability, ∅𝑐 is the critical porosity, 𝐶1 and
𝐶2 are related to the geometry of the coils which is taken as a chaotic network of coils
from the work of Nabovati [42]. Using best fit curves for the equation above, Nabovati
has found through a numerical study that the values for the constants for the geometry and
the value of critical porosity as:

𝐶1 = 0.491 ,

𝐶2 = 2.31 ,

∅𝑐 = 0.0743

To better understand the effect of different coils on hemodynamics, common medical coils
properties used in Tawam Hospital neurology center have been used in this study as shown
in Table 1 and Table 2. Table 1 shows the permeability and the viscous terms for different
medical coil while keeping fixed porosity value:

Table 1 : Different Coils with fixed porousity
#

Types of Coil

Radius (m)

Porosity

Viscous Term

Permeability

1

Penumbra Smart Coil (1)

0.00013335

0.6

1.86E+08

1.94E-09

2

Boston

0.0001524

0.6

1.42E+08

2.53E-09

3

Penumbra Smart Coil (2)

0.00017145

0.6

1.12E+08

3.20E-09

4

Terumo (2)

0.0001905

0.6

9.10E+07

3.96E-09

5

Penumbra PC400

0.000254

0.6

5.12E+07

7.03E-09
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Table 2 shows the permeability and the viscous terms for selected medical coil “Penumbra
Smart Coil (2)” while changing porosity values from 0.1 up to 0.9 with step size of 0.2.

Table 2: Different porosity values with the Penumbra Smart Coil (2)
#
1

Types of Coil
Penumbra Smart Coil (2)

Radius (m)
0.00017145

Porosity
0.1

Viscous Term
1.29E+10

Permeability
7.75E-13

2

Penumbra Smart Coil (2)

0.00017145

0.3

4.99E+08

1.80E-10

3

Penumbra Smart Coil (2)

0.00017145

0.7

6.47E+07

7.58E-09

4

Penumbra Smart Coil (2)

0.00017145

0.9

1.08E+07

7.51E-08
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Chapter 3: Results and Discussion
After formulating the problem in earlier chapter, multiple studies are carried on to
assess aneurysm formation, enlargement, rupture, and treatment methods. Four focus
points are discussed in this chapter and are explained in the following sections:


Sensitivity analysis of blood viscosity in aneurysms (Section 3.1)



The effect of cerebral aneurysm size on wall stresses and strain (Section 3.2)



The hazardous effects of gravitational forces on aneurysms (Section 3.3)



The use of porous media to model aneurysm coiling treatment method (Section
3.4)

The results for these focus points are in presented and discussed in coming subsections.
3.1 Viscosity Sensitivity Study
In this part of the study, a viscosity sensitivity study is conducted to compare
between the use of Newtonian and non-Newtonian viscous models by reporting the
velocity variation and maximum shear stress in each model. Five cases provided by
Tawam Hospital have been selected for this study (refer to Appendix- for list of selected
patients), at which three anterior communicating artery aneurysms and two carotid
bifurcation artery aneurysm (identified as aneurysms for patient 1, patient 2, patient 3,
patient 4 and patient 5). Aneurysm 1 is a small ruptured A-COM aneurysm in 49-year-old
woman presented by subarachenoid hemorrhage with a clinical Hunt and Hess grade 1.
Aneurysm 2 is also a ruptured A-COM aneurysm in a 48-year-old man also presented by
subarachenoid hemorrhage and mild intraventricular hemorrhage with a clinical Hunt and
Hess grade 2. Aneurysm 3 is a ruptured left carotid bifurcation aneurysm in a 42-year-old

27
woman by subarachenoid hemorrhage with a clinical Hunt and Hess grade 1. Aneurysm
4 is a ruptured Carotid bifurcation aneurysm in a 54-year-old man by subarachenoid
hemorrhage with a clinical Hunt and Hess grade 2. Aneurysm 5 is a ruptured A-COM
aneurysm in a 50-year-old man presented by subarachenoid hemorrhage and
intraventricular hemorrhage with a clinical Hunt and Hess grade 2.
3.1.1 Velocity Variation
In most of the five cases studied there is a relatively similar pattern when comparing
between the Carreau and the Newtonian viscosity models for velocity. Velocity vectors
are mainly dependent on the geometry of each aneurysm. Figure 12 shows the velocity
vectors and streamlines for 5 different patients of cerebral aneurysms. In these figures red
represents the highest value for velocity and blue represents the lowest values of velocity.
It is noticed that velocities are slower at the dome and swirl occurs in cases 2, 3 and 5. As
for the velocity vectors of the five cases, it is noticed that the flow patterns are alike.
Patients 1 and 2 exhibit higher velocities at the aneurysm dome due to the small neck size
when compared to the parent artery, as well as due to the geometry and location of the
aneurysm which allows more flow to enter. On the other hand, patient 3 shows slower
velocity patterns inside the aneurysm which allows blood to reach near zero velocities
leading to weak swirl flow. Patient 4 shows regular velocity flow with near zero velocities
at the dome and the blip of the aneurysm. Finally for patient 5 the shape the aneurysm
enables flow to accelerate due to spasms before the neck of the aneurysm.
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Figure 12: Velocity vectors and streamlines for 5 patients
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3.1.2 Wall Shear Stress
Figure 13 shows the variation of WSS for the five cases for the Carreau (non-Newtonian)
and Newtonian viscosity models at 0.1 s of the period which corresponds to v = 0.5 m/s
(refer to Figure 9). It is noticed that corresponding to the velocity figure, areas with low
velocity exhibit low WSS values and vise-versa. At areas with low velocities a
considerably high difference in values is noticed in WSS between the Carreau and the
Newtonian model. Major differences between the viscosity models are always noticed at
the dome region. For patient 1, the variation in WSS is noticed nearby the blip and it is
also noticed at the neck of the aneurysm. For patient 2, a considerable amount of variation
is noticed in the WSS at the dome while a smaller amount of variation is visible at the
neck. Patient 3 has a noticeable concentration of WSS at the plimp. Patient 4 shows a
lower stress concentration than Patient 5 and it shows how blood flow impacts the artery
wall and causes shear stress concentrations at a specific area of the arterial wall. Patient 5
shows high shears at the walls of the parent artery right at the spasm. This is due to the
high velocities around it.
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Figure 13: Wall Shear Stress for 5 Patients

3.1.3 Discussions and Results of Viscosity Case
It is presumed that the large size of the aneurysm is due to the high velocities of blood
flowing inside it. One could expect a faster growth rate for such case however this needs
further investigation to show the effect overtime.
The difference between viscosity models is also visible Figure 14 as it shows the
normalized WSS (maximum, minimum and area averaged) for the two models at two
different time instances (0.3 s & 0.1 s). The normalized WSS is calculated relative to the
Newtonian visible in Figure 14 as it shows the normalized WSS (maximum, minimum
and area averaged) for the two models at two different time instances (0.3 s & 0.1 s). The
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normalized WSS is calculated relative to the Newtonian visible in Figure 14 as it shows
the normalized WSS (maximum, minimum and area averaged) for the two models at two
different time instances (0.3 s & 0.1 s). The normalized WSS is calculated relative to the
Newtonian model to clearly show the deviation of the results from the Newtonian model.
It is noticed that at the first instant (i.e. t = 0.3 s) at the dome great difference is evident
between the two viscosity models. Looking at the second instant when t= 0.1 s for the
same area, one can see that the difference in readings is minor. This is evident in all
readings for the first instant at the dome. The large difference between the two viscosity
models always occurs at the minimum WSS bar because it occurs at minimum speed hence
minimum strain rate and maximum effective viscosity difference. At the parent artery and
at the rest of the arteries, it is noticed that WSS for the models are relatively the same due
to the high magnitude of velocities at these areas.
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Figure 14: Normalized WSS at different locations and instances
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To further compare between the viscosity models and to consider the pulsatile velocity of
blood, Figure 15 is plotted to show the maximum WSS versus time (for one cycle) for
both viscosity models. The deviation between Newtonian and non-Newtonian models
results is quantified using the following error calculation:

WSSNewtonian −WSSnon−Newtonian

Deviation% = |

WSSnon−Newtonian

|

Eqn. 13

At 0.1s of the simulation the maximum velocity occurs with a value of 0.5 m/s. While
between 0.2 and 0.5 seconds, the velocity is minimum and stays at 0.1 m/s (refer to Figure
9). It is noticed that at 0.3 s deviation between the two viscosity models is around 55%
which reduces along the systole until it reaches the peak velocity 0.5 m/s at time step of
0.1 s with velocity at 0.5 m/s and a minimum deviation of 5% between both tested viscous
models. It is noticed that the Newtonian model underestimates the WSS when velocity
starts becoming constant at the diastole (between 0.25-0.5 seconds) with an error of
around 45%. As expected, the results presented a high variation between the two viscosity
models especially at points where velocities are low. The overall error between the
viscosity readings is around 45% overall which is deemed unaccepted. In conclusion from
Figure 15, Newtonian model can be used to predict WSS at high blood velocity (0.5 m/s).
However, it will under predict WSS at low velocities (~0.1 m/s).
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Figure 15: Maximum WSS for viscosity models and error

3.2 Effect of Cerebral Aneurysms Size on Wall Stresses and Strain
In this study, an idealized terminal-type cerebral is investigated using numerical
one-way fluid-solid interactions. One-way fluid-solid interactions is a hybrid numerical
technique where computation fluid dynamics results (mainly hemodynamics forces) are
used as load input to the solid mechanics model. The effect of the aneurysm aspect ratio
(AR) is reported with respect to wall shear stress (WSS), as well as the circumferential
wall stresses and stagnant area ratio (SAR). The results show that as the aspect ratio
increases, the wall shear stress decreases while circumferential wall stress increases. There
is a clinical need to assess the severity of aneurysm based on aspect ratio as this could
impact the urgency of surgical intervention. A linear equation has been formed which

Percentage Deviation

Maximum WSS (pa)
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relates the aneurysm deformation to the aneurysm aspect ratio which is a novel technique
to evaluate the severity of aneurysm growth. The stagnant area ratio (SAR) is investigated
against aneurysm aspect ratio to predict the formation of thrombosis and likely size of the
thrombus.
3.2.1 Results
For a healthy artery, the velocity vector is shown in Figure 16 (left) and WSS contour is
shown in Figure 16 (right). The area-averaged WSS (𝑊𝑆𝑆 =

1
∫ 𝑊𝑆𝑆
𝐴 𝐴

𝑑𝐴) versus the

aneurysm aspect ratio is reported in Figure 17. The WSS is presumed to play an important
role in aneurysm growth since endothelial cells actively sense and react to WSS [43].
Investigating the WSS distribution in conjunction with cerebral aneurysm size is expected
to provide a better understanding of aneurysms.

Figure 16: The results for a healthy artery, (left) the velocity vector and (right) WSS
contours
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Figure 17: Area-averaged wallshear stress versus aneurysm aspect ratio

Figure 18 shows the von Mises stress contours for different sizes for the aneurysm, parent
artery and daughter arteries. In the pathology of vascular, the circumferential wall stress
(wall tension) represents a muscular tension on the wall of the blood vessel. The variation
of von Mises wall stresses, wall deformation and strain with respect to aspect ratio are
shown in Figure 19 and Figure 20 respectively.

𝐷𝑎 = 0 𝑚𝑚 (𝐴𝑅 = 0)

𝐷𝑎 = 2 𝑚𝑚 (𝐴𝑅 = 0.8)
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𝐷𝑎 = 8 𝑚𝑚 (𝐴𝑅 = 3.2)

𝐷𝑎 = 14 𝑚𝑚 (𝐴𝑅 = 5.6)

Figure 18: Circumferential wall stress contour

The stagnant area ratio (SAR) is plotted in
Figure 21 which represents the ratio between stagnation area and the total aneurysm
cross section area at the symmetry plane. The stagnation zone is the zone with velocities
below |𝑉𝑠 | < 1 × 10−4 𝑚/𝑠 as adopted by Otani et. al. [44]. The variation of stagnant
area ratio with respect to aspect ratio is show in Figure 22.
3.2.2 Discussion
Figure 16 shows a healthy artery bifurcation. It is clear from the velocity vectors that blood
directly impinges against the bifurcation point. It is expected that flow impingement on
the tip of the terminals causes maximum WSS near the wall stagnation point as shown in
Figure 16 (right). The repetitive pulsatile flow impingement against the vessel wall may
induce fatigue, initiation and growth of aneurysms.
Figure 17 shows that as aneurysm aspect ratio (AR) increases, the area-average wall shear
stress decreases. It is expected that as aneurysm size grow bigger, the velocity value inside
the aneurysm decreases which causes lower wall shear stress on endothelial cells. The
growth of aneurysm looks like a way to cope with the elevated high WSS that could
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happen due to many medical reason such as hypertension, high blood speed, stiff artery
walls, spasms and elevated blood viscosity.
It is expected that the artery wall starts yielding (deforming) when its von Mises stress
reaches a critical value known as the yield strength. The von Mises stress is an important
criteria for looking at aneurysm rupture. It is believed that if the maximum value of the
von Mises stress is greater than the strength of the aneurysm (𝜎𝑦 ), the aneurysm will
grow/rupture, a condition that can be presented mathematically as follow:

2

(σ1 −σ2 )2 +(σ2 −σ3 )2 + (σ3 −σ1 )2

√

2

≥ σy

Eqn. 14

Steiger et al. [37] suggests through experiments that the yielding stress 𝜎𝑦 of the aneurysm
dome and arteries is around 0.5 ± 0.25 MPa and 1.06 ± 0.13 MPa respectively. This is
used as a base limit for our studies in deciding whether the aneurysm will rupture or not.
In Figure 18, the circumferential (von Mises) wall stress contour is shown for different
aspect ratio; namely 0, 2, 8 and 14. As shown by the von Mises stress contours, the
maximum wall stress occurs at the aneurysm region which has a thinner wall when
compared to the artery. As expected, the maximum von Mises wall stress increases with
the increase of aneurysm size since this behavior is similar to that of a spherical thin shell
where hoop stress is related to pressure (𝑃), aneurysm radius (𝑟𝑎𝑛 ) and thickness (𝑡𝑎𝑛 )
according to 𝜎 = 𝑃𝑟𝑎𝑛 ⁄2𝑡𝑎𝑛 [45]. The longitudinal stress in a cylindrical shell is related
to pressure (𝑃), artery radius (𝑟𝑎 ) and artery thickness (𝑡𝑎 ) according to 𝜎 = 𝑃𝑟𝑎 ⁄2𝑡𝑎 [45].
Since the artery radius is assumed constant and does not change as the radius of the
aneurysm, it is expected that the parent artery experiences minimal increase in stress when
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compared to aneurysm. The wall stress is expected to be higher in the aneurysm wall when
compared to the artery wall since aneurysm wall thickness is lower than the artery wall
thickness. It is reported in literature that aneurysm wall thickness increases with size, and
the increase is more pronounced at 8 mm [37, 46].
As shown in Figure 19, the maximum von Mises stress at the artery increases from
0.19 𝑀𝑃𝑎 at 𝐴𝑅 = 0 to 1.13 𝑀𝑃𝑎 at 𝐴𝑅 = 5.6. It is expected that when aneurysm
initiates, the aneurysm neck will keep growing until the size of the neck diameter
approaches the parent artery diameter. After that the neck size will remain constant while
the aneurysm size will keep growing. It is evident that the wall stress increases with the
increase in the aneurysm radius. This increase is mainly linear except at the beginning of
the aneurysm formation. With the increased radius and wall stress the severity of the
medical condition is expected to increase. The increase in aneurysm size means more
pressure is applied on the surrounding tissue and nerve system. Also it causes an increase
in von Mises stress which increases the chances of aneurysm rupture. Figure 19 shows the
two thresholds (two horizontal red lines) for yielding suggested by Steiger et. al. for the
aneurysm dome and arteries at 0.5 ± 0.25 MPa and 1.06 ± 0.13 MPa, respectively.
When 𝐴𝑅 reach 4.8, as shown in Figure 19 the stresses in artery starts to level-off due to
the fact that stretched aneurysm starts applying more force on the artery wall. The artery
which share common region with the aneurysm, known by the aneurysm neck, will be
under stress with maximum value approaching spherical thin shell stress of 𝜎 = 𝑃𝑟⁄2𝑡 .
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Von-Mises Stress versus Aspect Ratio
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Figure 19: The Von-Mises stress in the wall of the aneurysm, parent artery and daughter
artery

Using curve fitting in Figure 19, a linear correlation between the aneurysm's Von-Mises
stress and the aspect ratio is produced as shown below:

Von − Mises Stress (Aneurysm) = {

0.40 × AR

for 0 < AR < 1.76
Eqn. 15

0.07 × AR

for

AR > 1.76

This correlation between the Von-Mises stress for the aneurysm and aspect ratio could
help with finding when yielding starts happening at different aspect ratios within the
aneurysm and when the case is severe and surgery must take place.

6
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Considerations for treatment could vary between the clinical and the engineering schools.
A management summary submitted by Brown et al. [47], at the Mayo Clinic College of
Medicine, cites different size thresholds at which treatment of unruptured aneurysms
should be considered. Brown et al. [47] recommends that treatment should be considered
for unruptured aneurysms >12mm, for unruptured aneurysms of sizes 7–12 mm, in
particular those that are symptomatic, in specific locations or are harbored among younger
patients, and for unruptured aneurysms <7mm on a case-by-case basis especially for
younger patients [47]. On the other hand, based on the current study results, patients with
unruptured aneurysm size of 1.73 times the artery size (or more) need urgent surgery while
patients with aneurysm aspect ratio less than 1.73 need semi-elective surgery. Another
factor that needs exploration is the deformation and strain of the aneurysm which is shown
in Figure 20. It is clear from Figure 20 that the deformation and strain of the aneurysm
increase moderately with increasing the aspect ratio ( aneurysm radius) up to 𝐴𝑅 ≈ 1
and increases more significantly (and linearly) with AR greater than 1. The rate of increase
in deformation is not universally linear with the radius (or AR) and could vary depending
on the aneurysm neck size.
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Figure 20: The deformation (left) and strain (right) of aneurysm versus the aspect ratio

Using curve fitting in Figure 20, a linear correlation between the aneurysm deformation
and the aspect ratio is produced as shown below:

∆L = {

0.07 × AR + 0.35

for 0 < AR < 0.88
Eqn. 16

0.57 × AR − 0.08

for

AR > 0.88

This correlation between deformation and aspect ratio could help with finding how much
deformation is happening within the aneurysm at different aspect ratios.
From clinical experience when looking at different aneurysms, it is observed that some
of them are already thrombosed. On the other hand, some aneurysms contain high blood
circulation within the aneurysm. It is presumed that the thrombus is caused by the
stagnation of blood within the aneurysm and this is where the importance of stagnation
analysis lies. In this study, the stagnation analysis is done by assessing the stagnant area
ratio (SAR) which is used to predict the likely size of thrombus. The stagnant area ratio
(SAR) is plotted in
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Figure 21 and is used to quantify the effect of aneurysm aspect ratio on the hemodynamics
embolization. It is clear that the stagnation zone inside the aneurysm increases as aspect
ratio increases to a certain level where the SAR reaches saturation condition. By plotting
the stagnant area ratio verses aspect ratio as shown in Figure 22, it is clear that when AR
is at 5.6 the SAR reaches a high value of up to 85%. When the SAR reaches high values,
the use of coiling treatment can increase the chances of recanalization of coils into the
thrombosed regions which would lead to retreatment. To reach complete aneurysmal
occlusion in these cases stent-assisted coil embolization is recommended. It is noted that
using a higher stagnation threshold velocity (|𝑉𝑠 | < 1 × 10−3 𝑚/𝑠) represents 100%
stagnation for the aneurysms.

Da = 2 mm
Da = 6 mm
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Figure 21: How SAR changes with increased diameter
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Figure 22: The Stagnant Area Ratio is plotted versus aspect ratio

3.3 Effects of Gravitational Forces
Aerobatic and military maneuvers subjects pilots to high gravitational forces that
could lead to injuries or death. Also, high accelerations in roller coasters can cause injuries
to the brain arteries. This part of the study looks into the gravitational effects and hazards
inside cerebral aneurysms via detailed numerical analysis in the context of the fluid-solid
interactions. Dimensions for the approximate model used in this study are derived from
actual patient angiograph images in addition to other clinical reports from literature. The
study focuses on analyzing the effect of positive and negative z-axis gravitational forces
ranging from negative 3g to positive 3g on cerebral aneurysms. The results show that
negative acceleration is more severe than positive acceleration on wall stress and has no
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effect on maximum Wall Shear Stress (WSS). It is believed that elevated z-axis
acceleration will not cause aneurysm initiation/ formation however it causes hypertension
which could contribute to aneurysm rupture. Any type of z-axis acceleration causes
increase in the blood static pressure.
3.3.1 Effect of Gravitational Force on Aneurysm
It has been shown in literature [48] that, due to gravity force acceleration, the aneurysm
position affects the hydrodynamics of brain aneurysms. These results reported [48] that
an aneurysm oriented in a direction opposite to gravity acceleration has a very low risk of
thrombosis. Also it is reported [48], that the greatest flow turbulence against the wall is
found in the aneurysm oriented downwards, that is parallel to the force of gravity which
causes higher risk of growth and rupture, in comparison with other conditions.
The g-force acceleration can be classified based on the period of acceleration, mainly as
(1) sudden acceleration (such as motor vehicle collisions and falls), (2) short period
sustained acceleration (such as aerobatic aircraft maneuver, skydiving and roller coaster
ride) and (3) long period sustained acceleration (astronaut long stay in space station).
The linear vertical acceleration can be classified based on the direction of the acceleration,
namely as positive vertical gravity (when accelerating from foot to head) and as negative
vertical gravity (when accelerating from head to foot). High accelerations are known to
have different effects on the hemodynamics of the human body. Positive vertical gravities
cause blood to be concentrated in the lower parts of the body thus depriving the brain of
blood and leading to a gravity induced loss of consciousness (LOC). It can also lead to
graying of vision (Gray-out) due to the reduction of blood supply to the eyes. Negative
gravities on the other hand are known to concentrate blood in the upper regions at the
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brain, neck and chest. That can result in stagnation of blood in the head. Also, these
increases in blood pressure cause a noticeable decrease in the heart rate. A report by the
U.S. Federal Aviation Administration (FAA) mentions that little is known about the
effects of high negative gravities on humans and that blood vessels in the brain can only
tolerate weak gravitational forces. Four cases of aircraft accidents due to gravity induced
loss of consciousness were presented in the FAA report to proof that intense gravity is
very hazardous [49].
It was reported in many cases that aneurysms could rupture due to negative gravitational
forces that are induced in roller coaster rides. A case report published by the journal of
neurosurgery presents a case of a 32 year old women that developed a traumatic distal
anterior cerebral artery aneurysm from a roller coaster ride [50]. The report mentions that
a relatively minor trauma caused by a roller coaster ride led to aneurysm formation while
severe injuries from falls and road accidents cause aneurysm formation [50].
Experts from different fields advice aneurysm patients to avoid high accelerations. For
example, people that have been diagnosed with aneurysm should not get on any roller
coaster or simulator ride [51]. Also, it has been recommended that patients with large
aneurysms or history of hemorrhage should choose tamer rides [52]. On the other hand,
some experts like neurologist Toshio Fukutake of Chiba University School of Medicine
in Japan mention that it is rare for people to develop subdural hematomas after riding
roller coasters but it is still plausible [53].
The aim of this part of the study is to numerically study the effect of high vertical
accelerations on hemodynamics and such accelerations can affect the initiation, growth
and rupture of cerebral aneurysms. The study reports the effect of vertical acceleration on
the wall shear stresses, the wall strain and the wall stresses of cerebral aneurysm.
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3.3.2 Results and Discussion
The effects of g-force acceleration that is aligned with spinal cord is investigated in this
study and is identified as z-axis acceleration. The study addresses the effect of g-force
acceleration value and direction on the hemodynamics, hypertension and blood vessel
forces. The study reports how g-force acceleration affects blood pressure inside cerebral
aneurysm which consequently affects the wall shear stress, the wall stresses and the wall
deformation.
In order to examine the validity of this work, several investigation techniques have been
employed. Firstly the current model has been examined against current published work
[54, 55] which shows similar magnitude range of wall shear stresses (WSS) for similar
size artery range however with different geometry. It has been reported in different places
in literature [54, 55] that WSS inside an aneurysms are in the range of 3 − 8 𝑃𝑎 which
also reported in this part of the study.
The contours for WSS and wall stresses under 1-g z-axis acceleration and aneurysm AR
are shown on Figure 23. As shown on Figure 23, the maximum WSS occurs at the apex
of the bifurcation. It is expected that flow impingement on the apex of the bifurcation
causes maximum WSS near the wall stagnation point which may prompt fatigue and
possible initiation of the aneurysms. Also it is clear that as AR increases the wall stress
start shifting from the parent artery to the aneurysm neck.
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Figure 23: Contour of WSS and wall stresses are shown for 1-g z-axis accelaration and
different values of AR
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Figure 24 shows the contours for WSS, wall stresses and deformation for AR=2.4 and
under different z-axis g-force acceleration. As shown on Figure 24, the WSS map does
not change as acceleration changes. However wall stresses and wall deformation change
with acceleration. As shown in the figure, negative acceleration produce higher wall stress
and deformation when compared to positive acceleration while the location of maximum
wall stresses and wall deformation stays the same.
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Figure 24: Contour of WSS, wall stresses and wall strain are shown for AR of 2.4 and
for different values of z-axis acceleration
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Figure 25: The variation of area averaged WSS with respect to g-force acceleration (left)
and Aspect ratio (right)

Figure 25 (left) shows how area averaged WSS changes under z-axis g-force accelerations
and Figure 25 (right) shows how area averaged WSS changes under different aneurysm
aspect ratios. It is clear from Figure 25 (left) that for a fixed AR, the area averaged WSS
does not depends on z-axis g-force acceleration which is expected since the g-force
acceleration acts as a body force that affects the blood pressure. However, it will not affect
the pressure difference across the artery length. The area averaged WSS depends on the
pressure difference and not on the pressure value hence the hemodynamics does not
change and accordingly the area averaged WSS does not change.
Figure 25 (right) shows that the z-axis g-force accelerations did not affect the area
averaged WSS as discussed earlier. Also Figure 25 (right) shows that area averaged WSS
decreases as aneurysm aspect ratio increases. This is due to the fact that the blood velocity
decreases (which affect the rate of flow deformation) as aneurysm size increases which
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leads to lower area averaged WSS at the aneurysm. The blood velocity decreases inside
the aneurysm due to mass conservation in which the blood has bigger area to pass through
which produce weaker blood circulation. As shown in Figure 25 (right), the WSS is
highest for a healthy bifurcation (at zero AR) this could tear the inner wall of the artery
and along with other medical conditions could cause the initiation of the aneurysm.
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Figure 26: The variation of maximum aneurysm wall stress with respect to (a) g-force
acceleration and (b) Aspect ratio

Figure 26 (left) shows how maximum aneurysm circumferential wall stress changes with
z-axis g-force accelerations and Figure 26 (right) shows how maximum aneurysm wall
stress changes with aspect ratio. Figure 26 (left) is divided to two side which are positive
(right-side) and negative (left-side) z-axis g-force accelerations which represents the
direction of acceleration. At zero g-force acceleration such as the condition experienced
by an astronaut in space, the maximum aneurysm wall stress is the smallest. It is clear that
maximum aneurysm wall stress increases under any type of acceleration however the
increase is more severe under negative acceleration when compared to positive
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acceleration. As shown Figure 26 (left), the slope of the curve in negative acceleration
zone is higher than the slope when compared to the positive acceleration zone. The linear
relation is expected since the stress depends on the blood pressure which changes based
on acceleration as shown below in Bernoulli equation:
1

Pan = Pheart − ρ g han + 2 ρ(u2heart − u2an ) − Ploss

Eqn. 17

The above equation represents modified Bernoulli equation for blood flow where 𝑃ℎ𝑒𝑎𝑟𝑡
2
2 )
represents heart static pressure, 𝜌𝑔ℎ𝑎𝑛 represents elevation pressure, 12𝜌(𝑢ℎ𝑒𝑎𝑟𝑡
− 𝑢𝑎𝑛

represents the dynamics pressure and 𝑃𝑙𝑜𝑠𝑠 represents the pressure loss. By considering
the scale of each term in the right side of the above equation, one can ignore the third and
fourth term when compared to the first and second term. Hence, the aneurysm pressure is
a function of heart pressure and the elevation pressure (first and second term, respectively
in the above equation). ℎ𝑎𝑛 represents the height distance between aneurysm and the tip
of the head in case of z-axis positive g-force acceleration and the distance between
aneurysm and the bottom of the foot in case of z-axis negative g-force acceleration. Hence
the distance between aneurysm and bottom side of the foot is bigger than the distance
between aneurysm and tip of the head, one expect that the effect of negative acceleration
produce higher elevation pressure on the aneurysm when compared to positive
acceleration (as shown in Figure 10).
The blood pressure value depends on where the pressure is measured and the condition of
the patient such as standing or laying down. The variation of pressure value between
laying down and standing up depends on the static pressure that developed from the height
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of the blood column. It is expected that as the blood column above the measuring point
increases, that the measured pressure will be higher.
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Figure 27: The variation of aneurysm wall strain with respect to g-force acceleration
(left) and Aspect ratio (right)

Figure 27 (left) shows how maximum aneurysm wall strain changes with the z-axis gforce accelerations and Figure 27 (right) shows how maximum aneurysm wall strain
changes with aneurysm aspect ratio. Figure 27 (left) is divided to two sides which are
positive and negative g-force accelerations that represent the direction of acceleration. At
zero g-force acceleration such as the condition experienced by an astronaut the wall strain
is the smallest. It is expected that at zero g-force acceleration, the artery wall is under heart
pressure only since the gravity (body force) force has no effect on the blood pressure.
Hence, it is expected that long extended stays in space will cause dilation of artery which
also could weaken the artery muscle strength (known as muscle mass meltdown).
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Figure 27 (right) shows that when aspect ratio reaches above 2.4, the aneurysm strain
becomes more sever this has been verified numerically for the given wall thickness,
aneurysm size and geometry. It is expected that when the aneurysm's aspect ratio is less
than 2.4, the aneurysm neck can carry more load which reduces the pressure on the
aneurysm wall. However, at higher aspect ratios, the stress moves from the aneurysm neck
towards the aneurysm wall causing more sever deformation (strain).
3.4 Porous Media Simulation for Endovascular Coiling treatment
The effect of modeling the endovascular coils as porous media is explored through
two approaches which are (1) the effect of porosity and (2) effect of coils diameter.
Different hemodynamics parameter will change due to the presence of porous material,
namely the area average WSS, the wall pressure and the inflow entering to the aneurysm.
3.4.1 Porosity Effect
Porosity (𝜀) is measure of void to total volume of the medium. Another term which is used
in the medical field is known as compactness which represent the amount of solid volume
to total volume of the medium (1 − 𝜀). Using same coil diameter as indicated in Table 2
and Table 1, the impact of porosity is investigated on average wall shear stress, internal
wall pressure and aneurysm inflow as shown in Figure 28, Figure 29 and Figure 30,
respectively.
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Figure 28: Area Average WSS versus Porosity

As shown in Figure 28 as porosity increases from 0.1 (very dense domain), the average
WSS increases which is expected since it means more flow is circulated inside the
aneurysm which will produce higher WSS at the wall. It is clear from the figure that 0.3
porosity produces comparable results when compared to 0.9 which means for producing
an effective result from coiling one needs to assure low porosities close to 0.1 are used.
As shown in Figure 29 as porosity increases from 0.1 (very dense domain) up to 0.9, the
inflow rate crossing to the aneurysm increases which is expected since the coils increase
the viscous force impacting the flow and reducing the average velocity which lead to lower
WSS as indicated in earlier in Figure 28. The increase in the inflow due to the increase in
porosity means that the pressure loss across the porous media will decreases, this means
the average pressure value on the aneurysm wall will increases as shown in Figure 30.
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Figure 29: Flow rate versus Porosity

Figure 30 shows how pressure inside the aneurysm changes with porosity. It is clear
from Figure 30 that as porosity increases, the pressure will mildly increase. The small
variation is due to the fact that the aneurysm is a low flow region where blood swirls
inside the aneurysm cavity.

58
400

Pressure (Pa)

300
200
100
0
0

0.2

0.4
0.6
Porosity

0.8

1

Figure 30: Pressure versus Porosity

3.4.2 Effect of Coils Diameter
The coil diameter affects the porosity as well as the permeability of the porous media. To
properly understand the effect of coils diameter, fixed porosity of 0.6 is investigated as
indicated in Table 1. Since porosity is not changing, then the variation of diameter is going
to impact the permeability of the coiled mesh. The impact of the coil diameter is
investigated on average wall shear stress, aneurysm inflow and internal wall pressure as
shown in Figure 31, Figure 33 and Figure 34, respectively.
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Figure 31: Area Average WSS versus Radius (m)

As shown in Figure 31, as coils radius increases for fixed porosity, the area average WSS
will decreases which is expected since the hydraulic diameter increases with bigger coil
diameter. To better understand this point, Figure 32 has been developed which shows the
cross section for a duct with same porosity however with different blockage size
(representing coil diameter). As shown in Figure 32 and using the mass conservation, one
predict the maximum velocity is bigger in Figure 32 (right) when compared to Figure 32
(left). In other words, porous media with bigger coils have a smaller surface contact area
when compared to the smaller coils of same porosity which lead to higher maximum
velocity in the porous media with smaller coils. Since the presence of maximum velocity
lead to the presence of higher strain rates which mean higher WSS as what has been
obtained in Figure 31.
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Figure 32: Cross section for a duct with same porosity and different blockage size
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Figure 33: Flow rate versus Radius (m)

As shown in Figure 31, as the coil radius increases the wall friction decreases. This is
causing more inflow to enter the aneurysm which reduces the chance of thrombosis as
shown in Figure 33. As described earlier, the reduction in contact surface area is causing
the reduction in friction losses which leads to higher inflow rate.
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Figure 34: Pressure versus Radius (m)

It is clear from Figure 34 and at porosity of 0.6, that coil radius has minimal effect on wall
pressure. This shows that at high porosity the effect of friction is minimal on pressure drop
across the coils. It is expected that as the porosity decreases, the impact will be higher as
shown in Figure 30 Figure 34 earlier. Nevertheless, since the inflow is small one can still
expect mild effect of porosity on wall pressure.
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Chapter 4: Final Conclusions and Recommendations
In this chapter the overall conclusions of our study are pointed out.
Recommendations and limitations are also included in this chapter.
4 .1 Conclusions Remarks
The specific threat for rupture for cerebral aneurysms is ambiguous, and advice to
patients is usually given based on general knowledge on risk factors for subarachnoid
hemorrhage like age, sports, smoking, hypertension, family history, etc. In the present
work, many risk factors have been determined using scientific simulations and
engineering based assumptions. Those risk factors have been found to induce and enlarge
cerebral aneurysms and observing them clinically may give neurosurgeons a better
scientific estimate of the risk of rupture. This work also illustrates how recent progress in
computational modeling may be applied to analysis of common problems in daily clinical
decision making. CFD simulations of cerebral aneurysms is truly an evolving field with
promising applications in clinical research for the future. More specific conclusions have
been drawn from the four research point discussed in Chapter 3 are presented in coming
subsections.
4.1.1 Conclusion Remarks on Viscosity Sensitivity Study
It is not appropriate to use the Newtonian model assumption especially when dealing with
blood flow in a low circulation zone such as the aneurysm dome. Newtonian results are
under estimating the actual case when considering the pulsatile velocity of the blood as it
presents deviation in extracted data up to 45%. It is recommended to use realistic viscosity
models for blood such as the Carreau model or other power non-Newtonian models.
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4.1.2 Conclusion Remarks on Effect of Cerebral Aneurysms Size
The aneurysm size study focuses on analyzing the effect of the aneurysm aspect ratio on
the wall shear stress (WSS), the stagnant area ratio (SAR), the circumferential wall
stresses, the deformation and the strain. From the results, it is clear that as aspect ratio
increases the wall shear stress decreases which is desirable since it means the shear force
on endothelial cells decreases however the wall stresses will increase which increases the
chance of aneurysm rupture. The relation derived for wall stress and deformation with
aspect ratio could be clinically used in the future for predicting rupture risk and severity
of cases.
4.1.3 Effects of Gravitational Forces
This study uses computational fluid dynamics analysis coupled with finite element
analysis methods to explain how hypertension results from z-axis g-force acceleration and
how that affect the aneurysm initiation, growth and possible rupture. An idealized
aneurysm geometry is used to show that area averaged wall shear stress is independent of
z-axis acceleration which means that such acceleration does not contribute to aneurysm
formation/initiation. Nevertheless it is clear that as acceleration increases, the blood
pressure increases which may contribute to aneurysm rupture and growth. The CFD
results show that negative z-axis accelerations can cause more hypertension and wall
stresses than positive z-axis acceleration. The aneurysm deformation becomes more sever
once the aneurysm diameter reach 0.88 times the parent artery diameter.
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4.1.4 Conclusion Remarks on Porous Media Simulation for Endovascular Coiling
Treatment
The study shows that porous media can provide guidance on the needed amount of coil
stacking (medically known as compactness). As shown by the results that to assure
effectiveness of coiling treatment that porosity needs to be as low as 0.1 (90%
compactness).
For coiling treatment, the porous media simulation that is conducted as fixed porosity
values shows that larger coil diameter produce lower WSS and higher flow circulation.
This mean that it is better to use larger coil however this needs to be done while assuring
porosity is kept below 0.1 which requires smaller coil diameter. Hence it is recommended
to use the largest possible coil as long as porosity is kept below 0.1.

4 .2 Recommendations and limitations
First, while most of our simulations were using idealized models, it is always
recommended to use real patient specific geometry when possible. Aneurysmal velocities
and stresses are highly sensitive to small changes in geometries. Also, devices that extract
angiographic images are essential in capturing accurate curves and surface geometry of
the aneurysm structure. Hence, a good amount of focus should be put in this field on ways
to extract the best quality images. Another point to mention is that it was noticed when
introducing the porous media equation to our solution the computational time of the solver
increased dramatically to more than 2 days of computation. The working station we are
using is a 64-bit Dell Precision T5610 with an Intel® Xeon® CPU E5-1650 v3 @ 3.5GHz
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processor and with 32.0 GB RAM. Processing time of simulations should be relatively
faster for clinical purposes.
Also, measuring blood flow conditions on patients was not done in this study which is
considered one of the limitations. Instead, flow conditions of normal subjects were used.
Walls of the artery were assumed to be rigid walls and small/low flow vessel branches
were eliminated for a simpler simulation. A relatively small sample size was used which
could affect the results.
One final limitation is that different parameters are defined with different standards by
each laboratory. Hence, there is an essential need for standardizing the definitions in all
journals and research papers. Authors suggested that journal editors require from
researchers to provide a clearly stated definitions for their experiments and simulations.
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Chapter 5: Future Directions
The results from this study suggest an extensive range of future research projects
with different sets of variables, conditions and focus points.
Future directions include:
Fields that are strongly coupled physically require firm numerical coupling. That is why
performing a two-way fluid structure interaction study on the hemodynamics of blood in
aneurysms is suggested. Also, a future idea is to study the effect of aneurysm location on
the risk of rupture, as it is mentioned in this study that aneurysms are highly sensitive on
small changes in geometries and locations.
Many assumptions used by researchers can have a big impact on the results of the
simulations. Hence, another idea is to study the effect of truncation of the parent artery of
the aneurysm. The hypothesis to be tested is that the curvature in the upstream parent
artery of the aneurysm will have huge effect on rupture and growth of aneurysms.
Future work could also include developing and researching new stenting and flow
diverting mechanisms such as new stents and inflated porous spheres.
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Appendix-A
C-Code for the inlet velocity of the aneurysm
/**********************************************************************
*/
/* vinlet_udf.c
*/
/* UDFs for specifying time dependant velocity profile boundary condition
*/
/**********************************************************************
*/
//Written by Chiyu Jiang
//Cornell University
#include "udf.h"//file that contains definitions for define functions and fluent operations
#define PI 3.141592654
DEFINE_PROFILE(inlet_velocity,th,i)
{
face_t f;
begin_f_loop(f,th)
double t = (CURRENT_TIME*2-floor(CURRENT_TIME*2))/2; //t is
the local time within each period
{
if(t <= 0.218)
F_PROFILE(f,th,i) = 0.5*sin(4*PI*(t+0.0160236));
else
F_PROFILE(f,th,i) = 0.1;
}
end_f_loop(f,th);
}
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Appendix-B
Data and angiography images for selected patients
SELECTED CASES
CASE

Patient

Location of

NUMBER

Initials

Aneurysm

1

V.E

A-COM

49

2

R.C

A-COM

48

3

K.N

Age

Left carotid

42
bifurcation

Angiograph Image

78

Carotid

4

G. I

54
bifurcation

5

M.M.K.

A-COM

50

6

M.A.

-

-

7

A.T.

Carotid tip
50
bifurcation

79

8

H.R.B.

-

-

9

M.M.M.M.

-

-

10

A.A.A.N.

-

-

11

A.A.A.

-

-

80

12

D.K

-

-

13

M.A.Y

-

46

14

A.M.S

-

61

15

M.M.E

-

-

81

16

K.A.L.

-

29

17

M.S

-

67

18

E.K.H

-

53

19

S.S.G

-

56

82

20

R.M.I.S.

-

45

83

Appendix-C
The method used to process the angiography images contained the following steps:
1. Cut excess faces using MeshLab
2. Close inlet and outlet using Blender
3. Add box and then use Boolean to convert the surface into solid
4. Dissolve faces using "limited dissolve" in Blender
5. Reduce faces using "Quadratic Reconstruction" in MeshLab
6. Keep using reduction algorithm until reaching optimum number of faces (1,0002,000)
7. Import the .STL file as a solid body with SolidWorks and save it as a STEP214
file
8. Import the step file to ANSYS design modeler and delete excess parts
9. Create a virtual topology for the wall, inlet, outlet, and aneurysm
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